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Preface 

The application of elartic surface waves in solids to devices in 

conununications and radar is gaining impetus. The studies of materials and 

techniques reported during the past five years show a steady and large 

increase in this area ^f  scientific and technological activity.  In parti- 

cular, during the last two years it became obvious that the methods of 

signal processing by means of acoustic surface-wave devices are sufficiently 

refined to be used in numerous practical devices. When the preparation of 

this report was originally suggested by Dr. A. Shostak of the Office of 

Naval Research, it was clear that there existed a need for review literature 

in this field. However, during the past year significant reviews and 

summaries of the state-of-the-art of surface microacoustics have been pub- 

lished In both professional and trade journals. The most notable is the 

special issue on Microwave Acoustics which appeared in the IEEE Trans- 

actions on Microwave Theory and Techniques of November 1969 (vol. MTT-17, 

no. 11), and which significantly enough, while it was aimed to cover all of 

microacoustics, dwelt on surface microacoustics in considerable proportion. 

Also, in the series "Physical Acoustics" edited by W. P. Mason and K. N. 

Thur8t,on and published by Academic Press, two chapters appear in recent 

volumes which deal with elastic surface wuves.  ("Properties of Elastic 

Surface Waves" by G. W. Farnell in volume 6, March 1970, and "Excitation, 

Detection, and Attenuation of High-Frequency Elastic Surface Waves", by 

* 
K. Dransfeld and E. Salzman, volume 7, August 1970.)  Among the reviews 

* 
At the time of completion of this report, a paper "Surface Elastic Waves", 
by R. M. White appeared in the August 1970 issue of the Proceedings of IEEE 
(pp. 1238-1276), which constitutes the most extensive and up-to-date review 
of this lubject and which also contains a biblioxraphy of near Iv the same 
coverage as the one Included in this report. 



in trade publications are those by Collins and Hagen [57,58,59], and by 

van den Heuvel [232]. 

The objective of this report is to provide an introduction to die 

field of surface nicroacoustics which can serve new research workers such 

as graduate students as well as provide a useful source of information for 

the practicing engineer. This report consists mainly of two parts: 1. An 

introduction to and review of  the field of acoustic surface waves, and 

2. An annotated bibliography The review sections are sketchy and are 

intended only to provide a guide to the existing literature. The latter 

has been restricted to published journals which are available in most 

industrial and university libraries. 

My own introduction to and activities in the field of surface micro- 

acoustics have been greatly enhanced by the cooperation of my associates 

Drs. A. P. van den Heuvel, S. G. Joshi and R. J. Serafin of the IIT Research 

Institute in Chicago, 111. 

Max Epstein 
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I.   Introduction 

"Microacoustics" refers to the study and application of acoustic waves 

in solids at such frequencies at which the length of the wave is small. 

Since the velocity of propagation of acoustic waves in solids is five 

orders of magnitude smaller than that of electromagnetic waves, elastic 

waves at frequencies of several megahertz have wavelengths equal to a small 

fraction of an inch.  This is contrasted with electromagnetic waves in 

which the so-called microwave region starts below a frequency of a giga- 

hertz with a corresponding wavelength of about a foot.  Thus, indeed the 

microacoustic term is appropriate for most devices utilizing the propaga- 

tion of elastic waves in solids.  Other terms have also been employed, such 

as microwave acoustics, microsound, and praetersonics (beyond sound), the 

latter usually applying to the rango of frequencies above 100 MHz. 

The excitation of elastic waves in solids has been realized primarily 

by means of piezoelectric crystal;». Theae crystals, in form of wafers 

whose dimensions are related to the acous'r.ic wavelength, are attached to 

the medium uf propagation, usually chosen for qualities such as attenuation 

at  the waves or its dispersive characteristics. The waves, which are 

longitudinal or shear waves, propagate towards the end of the specimen and 

can be detected by mother plezoele trie transducer not unlike the one used 

(or the excitation if the wave«.  E- ept for sone special opto-clastlc 

techniques 'f detection, the ■icroacousttc device which utilises bulk wave 

propagation, constftutes a delay line with a given fixed tin», delay. Thus, 

the «ccess to the signal when it is propagated in the for« of an acoustic 

wave is I'siitud. 

In application« which include trocesting and storage of signals, tt is 

advantageous to have a ready access to the signal when it profagates in the 
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form of an elastic wave. This can be realized by utilizing the surface 

wave mode of propagation, wherein the energy of the propagating dlstrubance 

Is at or near the surface of the solid. The most common surface wave Is 

the Raylelgh wave which Is nondlsperslve. Currently, the most efficient 

method of excitation and detection of such waves Is by means of Interdlgltal 

transducers. The transductlon Is obtained by using a piezoelectric sub- 

strate for the propagation medium or piezoelectric thin films at the location 

of the transducer. The fabrication techniques of surface-wave Interdlgltal 

transducers are similar to those used in modern mlcrocircuit technology. 

Thus, in addition to the functional advantages of the surface wave, e.g.. 

Its accessibility or nondlsperslve characteristic, the field of surface 

mlcroacoustics Is quite compatible with planar technology of Integrated 

circuits. 

The frequency characteristic of a surface mlcroacoustlc device depends 

greatly on the design of the Interdigital transducer; hence, a variety of 

filters can be synthesized by using such a device. The versatility with 

which the surface wave transducer can be designed and fabricated has been 

used to obtain devices with desirable frequency functions where broad-band 

and small sidelobes could be attained. 

The deposition of thin layers of materials with acoustic parameters 

differing from those of the substrate can be employed to guide the surface 

elastic wave. Guided elastic waves can be applied to the de«ign of surface 

microacoustlc devices which perform functions similar to those of electro- 

magnetic guided waves. Also, propagation of surface waves in layered 

structures contributed to dispersion of the wave. By cuatrolling the 

loading of the layer and, thus, the dispersive characteristic of the surface 

wave, it is possible to design filtere ueed in pulse compression of radar 

2. 

. ——— —  



signals. Acoustically loaded substrates can be used to propagate another 

type of surface wave, the so-called Love wave. 

Bulk magnetic spin waves and magnetoelastlc waves have their counter- 

part in the surface mode, the latter being usually coupled to the Love wave. 

3. 



II. Elastic Waves 

The stresses In solids utilized for the propagation of mlcroacoustlc 

waves do not exceed the elastic limit of the material. It la, therefore, 

assumed that there exists a linear relationship between all the stress and 

strain components involved. To obtain a unlvalued relationship between the 

six Independent components of stress and strain, the off-diagonal terms of 

the slx-by-slx matrix of coefficients are pair-wise equal reducing their 

number from 36 to 21 [149]. Additional symmetries in the material may 

further reduce the number of such coefficients; e.g., for a cubic crystal 

there are only three independent constants which relate the strains and 

stresses in the solid, ([149] page 163). 

In an Isotropie solid. In which the coefficients must be independent 

of an arbitrarily chosen rectangular coordinate system, the only non-zero 

coefficients are the six diagonal and upper left six off-diagonal ones of 

the matrix. In addition, the off-diagonal terms are all equal as are the 

first and last three diagonal coefficients, respectively. Moreover, the 

three remaining constants are not independent, reducing the number of 

independent elastic coefficients to two, known as the Lame constants, and 

are denoted by X and |i. The latter, thus, define completely the elastic 

behavior of an Isotropie solid. Hence, the general linear relationship 

between stress T and strain S, Hooka's law. 

(1) 



or 

IM 

VJ 

/ Cll C12 c13 C14 C15 C16 

\ c21 C22 C23 c24 c25 C26 

C31 C32 C33 C34 C35 C36 

c41 C42 c43 c44 C45 C46 

C51 C52 c53 C54 C55 C56 

c61 C62 C63 c64 C65 C66 / 

(U) 

vlth l,j ■ lt...,6 and T.' and S ' given In Eq. 1» reduces for the case of 

an Isotropie solid (c12 - c13 - c21 - c23 - c31 - c^  - X; c^ - c^ c66 ■ ^J 

11 '22 c«. ■ X + 2 li) to 

T  - XÄ + 2 US , T  - XA + 2 US , T  - XA + 2 US 
xx       ^ xx  yy       ^ yy* is       r ss 

(2) 
T  ■ |iS , 
ys   ys T  s |iS , 

sx   sx' 
T  "US  . 
xy  M xy * 

«here A ■ S  + S  + S  represents the dilatation or the relative change 
xx   yy   as  r ^ 

In volume [127]. Since the Lam^ constant |i represents the ratio between 

the corresponding shear stresses and strains. It Is, therefore, equal to 

the shear modulus or rigidity of the solid. 

The other quantities of Interest in elastic behavior of solids, namely. 

Young's modulus, Polsson's ratio, and the bulk modulus, can be expressed In 

terms of the Lam^ constants X and \x  [127]. 

The equations of motion in an elastic medium are obtained by applying 

the forces due to body stresses to Newton's second lav of motion. It la 

then found that in an unbounded Isotropie solid only two types of waves 

vlth different velocities can be propagated. The first type Is a shear or 

transverse wave which propagates with a velocity v - (|i/p) , where p la 
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density of the material, and the second type Is a longitudinal wave which 

Involves both compression and shear and which propagates with a velocity 

v^  - [(X +2n)/p]^   ([127] p.   13). 

At and near the surface of an elastic solid,  the displacements of the 

material are caused by both waves of dilatation (longitudinal waves) and 

waves of distortion (shear waves).    The displacements or amplitudes of the 

individual waves diminish with the distance from the surface, each with its 

own constant of exponential decay.    The combined displacements parallel and 

normal to the surface propagate along the boundary of the solid with a 

single velocity of a wave called the surface or Rayleigh wave.    At the sur- 

face of the elastic solid, which is free from external forces, the assumption 

of zero normal and shear stresses provides the required boundary conditions. 

Applying the latter to the solution for the Rayleigh wave results in a con- 

ditional equation, subject to the existence of a real exponential decay of 

the component (longitudinal and shear) waves.    As a consequence of this 

condition a unique velocity of propagation of the Rayleigh wave is obtained. 

This velocity is only slightly lower than the velocity of the shear wave 

which is, in turn, lower than that of the longitudinal wave [223], [134]. 

6. 
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Ill'   Acounlc turfac« Way 

Th« propcfacion of «Ustlc surfac« waves In »olid» «•• first lavsstt- 

gacsd by Lord laylslgh [172].    .taylslgh snalysod th« cass of sa Inflnlts 

hoaogensous Isotropie «lastlc solid .»ad consldarod tho caaa of a dlstur- 

banco which was eonfiDod to a ration laaadlata to tho surfaca snd withtn s 

thlcknass ccaparabla with tha langth of tha alaatlc wava.    At tha surfaca 

of tha solid tha partlcla dlaplacoaant follows a rorrofrado •UtptU«} 

•otlon «1th tha aajor and alnor aaas of tha «lltpao parfandlcular to tha 

aurfaca and parallal to th« dlractlon of propasatlon,  raapactlvaly.    At a 

tfopch halo« tha aurfaca of about ooa fifth of tha aoouatlc «avalaacth, tha 

dlractlon of porttclo «otlon la rawortod and daacrlb«a a forward or dtract 

alllptlcal path.   Thm ralattowahtpa batwaaa tha valocttlos of tha lomi« 

tudlaal, traaavoraa aad aurfaca «avaa sra abtalnod la taraa af Pelaaoo's 

racte v.    Thua, tha rail« of tha transvaraa to lontltudinal wava volocltlo« 

la fivw by ([22S] pat« lit) 

(I) V   'W^ 
Staca for «oat «atartala tha aMfaltwi« af Potssoo's rail« «arias 

0.2 a«d 0.4V, tho rat to of cho abawa #«loetti«8 rantas h«t*r-*i about 0.S I« 

O.b.    UM ralattoaahip batwaaa tha r   fa«a and traaawara« «•«• «atacltlaa 

is i■■wlm «ora ca^licatad (Cttl), saga Ad), g*. ?ao»> aad «arlaa. f«r 

0.2 * v < O.AI« batwaa« 0.91 t« O.ff.   A« af^raataata «apHMalaa for thta 

ratio la (§2), 

■ « at * i iSk. -I   •     Viif ♦ iiMT . (4) 
Tow ' ' 

'. 



For th« •«■• rant« of th« Poi««ott r«i .o,  th-   r«tU of iho owrfoco to loogl- 

tutflaol «ovo «oleclctoo «ortoo komooi O.SS to 0.25.    Jim porttclo 4tooUc«- 

■ooco u la tmo lon«ltu4lMl ooi « to   IM tr«ao«oroo 4trocttono oor—ltoM 

«ilh roopocc t« iho oonMl 4lopUco«o rt ot  • >• owrfoco.  lo oho— to fit.  I 

oo o f «act loo of 4ofCh into tho oolü     UM lot tor 1« eonMliM« with roapott 

to tho «ovoloogth of th« aUatlc ourt>co «M<« [lU,.    1W two mrooo 

(4«»iio4 ooi oolU) tofroooot tho volo»<o eolitiSolo4 for Polooon't rot loo of 

0.2S to 0.1*. roopoctlvolf.    HIOO, th-   ysrticlo JloflocoaoMO Oocoy rofl4ly 

«rtih tlotoMM fro» tho o«rfoco ootf ?.H.   hort«aotol coofooooc of tho «lo»lo«o> 

MM  chaoaoo oig» ot o 4ofCh of oh out ooo fifth of o «ovotootth. 

Tho otrooooo lo tho oolM «loo ««rr «tin toft* *»•• «••• o*rfo«o. 

Chooolog Cortooloo coorilootoo ooch t>ot tho oorfoao !o l» «r ftooo. «Ich 

ttio ■oytolfh «ooo propoiocü« I« cho «o ilroecloo oai tho ooll4 occofloo 

tho half opooo tor foolclvo a-4irocti>«. fl*    I ohoao tho «orUtlooo of 

otrooo olth 4ofCh fr« tho ■orforo ootooliM i «Ich roopott c« «ovotooich. 

Iho otrooooo T    , T... oo* T . oro r««po«tl« >lf. tho oomot 
n     or or 

otrooooo porfoo41c«loff ooi porollol tr iho ' roctloo ol pro^ototloo of tho 

oorfooo «ooo.   thooo oro slvoo oo oo«««llo«f «ith rotpon to tho oot«ot 

otrooo I« tho 4 Iroct loo of «ooo prof toe too »oi ot tho oortoc« T^^. 

««olo. tho 4ooho4 ooi oolM torroo t#*rioM« «• Cho coooo of fotoooo'o 

rotlo ottwl to 0.1) oot O.M. loopoilt^oly ( M). 

Iho ottovaotloo of UyloM» w*— . «ht< U Ooo to ohoorfcloo oo4 

ocottorioo of ocoootic ooorgjr, ooo ho «hot» o ho rolotoO to tho ottooootloo 

of lOMtCoOtMl oo« ohoor «o^oo [iff]      to • ot cooo« to «hlch iho tooo to 

to«, tho ohoorptlon eooJftcteM of th   iorto #• «■«■ o. to ttooorty roloto« 

to cho iomopooitm ohoorpttoo cooff »«loMO r   oai o   of cho cooproooloool 

i roofooctooly, ». • *-. • OP  .   A oo« i lipiii oo cho 



otPTH  mm nc sumttt 

ft«.    1   •   RmlcU   4l«9lM«Mlll   •(   lfc#   iMfllMtfln«!   «r^ 
•f MT toe« 

•<» 

11—4 «tin r««9*<t   «• Ik« It  **v«r*   tfttfUc« 

IIM4 mtt* rupm (• in« •»'!•<• «••«I«atth 

tt«n««*r*«   feOMeMMtf 

»I   ••   ♦   •   •«»»•«♦ 



otrrM no* YHC wma 



vaUctcy mim ot th« thrm •Imtt* «•»«• (iMflcWUMl, *rmma**t— ami 

MTUC« M«M) [IM]. äIC* I« turn 4«f** «U « ^IMM'« rmtim (M). 

OHIUU« IIM c«lc«Ut*« V«I«IM f«r CM «•iMlCjr rMlM M IMCCIMM «f IM 

ftlMw'a r«iU (*!}. Mi «iflirta« it t« CMTM« UM :■■>■■!• 4 M4 •, «• 

•iCAla 

f«r rvlMM'» rMU    .  » Q.; 0.1 f.4 

A • O.M O.lf 0.09 

• • O.tft 0.90ft       -t 

mlrnm •>•*■ II «ffM" «Ml, f«r «IM rwit* •! NlMca't rail« 

0.2.   tlW ffeMTfCtai cMfltcl»«it   «f  IM M-Ulgfi «•«•   U M«rty IM 

MM M   Mi «f CM MM? MM.    n—u*mmm» of MMrfClM cMfflctMt* 

lailMM • ItMM iipMiian M fclfif '.l*».     ff«» Ml« McolMi «l t 

Mi 1 Mta.  IM • Mt«l (v • 0.MS). tlM« (v • o. 142». Mi MlMlfMM 

(v • O.MII, tio MtMMClM im tMM tMCrMic MCMUJ« M»lM 

0.01 i« 0.1MA; MC «f MUr (t»J.    UM MM* MIM* MMü M 

«Uli  MCMMClM  «f  «iMIIc  MM«   1«  •iMU-CfTtl«!  MI*rUU  M   MM»   I« 

ft«.   J.     UM   IMIOT   IMlMIM IMI   IM «tlMMllM  I« CTMt«!«  1« «M- 

•liMMIy tMM IM« im Mirflin MZIM.    Il U «f tol«M«l I« «M« iMi • 

II MW MM«iMM «ff UM •IIMMMIIMI (••ffuiw   m fr »«MM», M ff«Mi ff«r 

iMIMflC  MllOt «C   IMM   fMM«MlM,   Mpll«»   ■  «MHIMI   •ItMNMIlM  ft 

Mit MwlMili»   Hiiuiiiiyiiiinii M Mtal«, tlM« ««i fMM fMttt MM ifc« 

t« MM  IM IHjlMtl   Mr(«M«MM Ml 

•iiMMtiM (o.ooMMA« MC> :«•:. 

UttM t« MM IM III«M«I Mr(«M-MM MlMltf (1.« ■ 10* CWMC) Mi IM 

II. 



^rMwtftCf {Mt) 

fit    1 • AttwtaMlM OwrM««rUiU« . f 
MtWUU 
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IV.    fr—fttto U A»t—trotte %oli*§ 

UM um» •ciMMtailMi of «laaf u ««•«•• In Uocroflc solids r^ulrca 

fhst. si htik f sfweUs.  UM froystatto« ef turfac« «MVOS b« obtalnad 

«ttk •tatU-crrai«! Mf*rl«l*.    Also.  lh« aost  c —mi Mthodt of •«cltatton 

•mi 4otoc«l«B of «coitaltc awrfaco «tavoa *y mnum ef tha plosoalactric 

oflocc  poimt  to ttm «M o! MUMrefU »ryatalltM aolida.     (In « lator 

«taewaaloo oo fvl4o4 awrfac« «MVO«.  iha aboM argiaaot will bo qualified.) 

ThB doftvottaa of aolwiio«a for th« pro^asacloo of «laactc wavaa In 

«olaorrofu aollda can ko «•rjr caafloa.    Oo^oadtng on th« cryotal ayataa 

aai cloaa (thora ar« tiilriyiwo crystal clasoos [211]) ths nuabsr of dlf- 

foro«(  «Isatlc  cooatants coMrlbwtas te th« coa^loalty of ths problsa.    for 

cosos of pTo^agattoo along ■naay—atry flanoa of to 21  indspoodont alaatlc 

COOOISMS mmf bo iovolvod.    Tito soorch for alaati< esvoa froHMtlot on ths 

sorfsc« of so solsocroylc solid ladlcstss (hat tsylslgh tyfs aurfaca «svsa 

oalot only lo gl«M dlroctlfos dopondlsg oo ths vsluss of ths slsstl    con- 

st SMS.    Worssoar. sorfses %svos ha«« boo« found «hlch srs chsrsctsrlsod by 

s dscsy «lib dlstsocs fro» ths s«rfscs glsoo by th« product of s trlgooo- 

•otrlc «Mi aagaoaatlal NaettOM.    loch «•«••*  I« coniroat  to tha ordinary 

•aylolgh «aooa «hieb oahlblt an ««fenontl«! d«cay «nly( «r« r«f«rr«d t« aa 

gaairiHand taylatgb «a«M '21»^ 

Itanasaraaly la«ti«ftc andia kav« b««n liw««tlg«i«d «h«n th« surfacs 

la nsmal snd forsltst to th« dlmctton «bout which thor« Is sysMtry of 

rotation fl}].    In both c«««s. t«r*«d g«aa^laotroflc «nd anlaotroflc, 

roopoctl««ly( tbo «nrfaca — «ar« of tha gaoarallaad tayl«lgh typ«.    In 

th« «nl sot regt« caas t!.« S'.Utlsns geint t« grogagatloo of layULgh wsvsa 

In sgaclflc dtrsciiens only: bawtsi, ss nsntlonod later by Lin and 

farnall tl*)l* th« iygaglingia Is adeanend that In neat directions there Is 

U. 



a solution for damped Rayleigh «raves. 

Considerable vork was perfomed In Investigating surface elastic wave 

propagation in cubic or Isooetric crystals.    Next to the Isotropie case, 

this crystal system requires the lowest number of independent elastic con- 

stants, naiMly three.    Stoneley [213] showed that,  for symmetrical cases 

(direction of propagation parallel to or at an angle of 45    to the x-axls), 

the Rayleigh type waves exist only for certain sets of values of the three 

elastic constants.    The Rayleigh wav*s in cubic crystals, as well as in 

other anisotroplc solids, remain non-dispersive; i.e., the surface-wave 

velocity Is independent of frequency.    Only in the limited cases, and well 

beyond present applications of microacoustics, when the wavelength is com- 

parable with the lattice spacing of the crystal, does the surface wave ex- 

hibit dispersion [89]. 

The most widely used pietoalectric materials are the crystals of 

Muarts (SiO.), lithium niobate (LiMbO.), cadmium sulphide (CdS), cadmium 

soleaide (CdSe), and sine oxide (ZnO).    The traditional use of quarts in 

rosonators in particular and in bulk wave devices in general, lead to an 

accumulation of considerable background information on this material. 

Numerous publications have also been made available on the propagation of 

surface elastic waves in single-crystal quarts.    The propagation of Rayleigh 

waves along surfaces other than the planes of symmetry of the crystal were 

investigated thoroughly r.73], in particular, by Coquin and Tiersten [63]. 

Lim and Parnell [145] claim that there always appears to be a surface-wave 

solution which satisfies the free-surface boundary conditions and which is 

unattenuated in the direction of propagation.    They find that often the bulk 

shear wave alone will satisfy the free-surface boundary conditions, and 

that the resulting surface wave penetrates deeply into the bulk and, for 

14. 



some directions,  does  Indeed become a bulk wave.    Also,  they find solutions 

for, what they define, a pseudo-surface wave which attenuates very slowly 

due to a small component of the wave radiating into the bulk.    Such surface 

waves were found to have phase velocities greater than the velocity of the 

corresponding slowest volume wave [78]. 

The above properties of the propagation of surface elastic waves in 

quartz were considered without regard to the fact that single-crystal quartz 

is piezoelectric and that any mechanical strain in the material is accom- 

panied by an electric field.    Thus,  in general,  the solution of elastic 

waves in piezoelectric solids is not only governed by the mechanical 

equations of motion but by the combined mechanical,  electrical and piezo- 

electric relations.    In order to distinguish such waves from those due to a 

purely elastic problem,  the acoustic waves in piezoelectric solids are 

referred to as "piezoelectric waves" [63]. 

The piezoelectric equations for the most general case (triclinic 

system with 21 Independent elastic constants) relate the mechanical stress 

T,  strain S, and electrical field and displacement E and D, as follows: 

51 " 8nTl + 8?2T2 + 8?3T3 + 8UT4 + 815T5 + 816T6 + dllEl + d21E2 + d31E3 

52 = 821T1 + 822T2 + 823T3 + 824T4 + 825T5 + 826T6 + d12El + d22E2 + d32E3 

53 * 831T1 + 8E32T2 + 833T3 + ^ + ^5 + Aeh + d13El + d23E2 + d33E3 

54 = 841T1 + 842T2 + 8?3T3 + 844T4 + 845T5 + 846T6 + d14El + d24E2 + d34E3 

55 = 851T1 + 852T2 + 853T3 + 854T4 + 855T5 + 856T6 + d15El + d25E2 + d35E3        ^ 

56 = 861T1 + 862T2 + 863T3 + 8luh + 865T5 + 866T6 + d16El + d26E2 + d36E3 

Dl = dllTl + d12T2 + d13T3 + d14T4 + d15T5 + d16T6 + C11E1 + ^ + enE3 

D2 - d21Tl + d22T2 + d23T3 + d24T4 + d25T5 + d26T6 + e12El + e22E2 + e23E3 

D3 " d31Tl + d32T2 + d33T3 + d34T3 + d35T5 + d36T6 + C13E1 + e23E2 + e33E3 
15. 



where ■  - • , 

or 

S - 8ET + d E 
t (5a) 

D » dT + «,TE 

where d is the transpose of the piezoelectric-strain matrix d, s is the 

T 
elastic compliance at constant electric field, and e is the dielectric 

constant at given stress. Similarly, the piezoelectric relations can be 

expressed as 

T ■ c S - e E 
1 (6) 

D - eS + eSE 

where c is the elastic stiffness at constant electric field, e is the 

e 
piesoelectrlc-stress constant, and e is the permittivity at constant strain. 

In quart«, where the piezoelectric coupling is small, the analysis can 

be separated into a purely elastic case and a residual electrostatic part 

determined by the piezoelectric coupling. Coquln and Tlersten [63] discuss 

in detail the propagation of surface waves In the direction of the x-axis 

of a rotated Y-cut quartz and the rotated y-axls of an X-cut quartz plate. 

They evaluate the "material efficiency factors" as a function of the direc- 

tion of propagation of the surface wave. They find that for an X-cut plate 

the power-flux vector is collnear with the wave propagation in only a few 

special directions in the quartz plate, and only in one direction which has 

an efficiency factor comparable with that of the rotated Y-cut plate. In 

the latter the propagation direction and power flux vector are always 

collnear. 

Numerical data for velocities» dielectric impermeabilities, and dis- 
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placement vectors of acoustic surface waves in alpha-quartg arc obtained 

[111] based upon measured values of elastic and piezoelectric constant« [I9j. 

The attenuation of surface wave« at frequencies above 100 MHx at room 

temperature is independent of temperature and varies as the square of the 

frequency [181] similar to the behsvior of bulk waves and of the same order 

of magnitude (see Fig. 3). On the other hand, at low temperatures, the 

4 
attenuation varies with temperatures as T and linearly with frequency 

[150]. The attenuation of surface waves due to the radiation of acoustic 

energy in the form of longitudinal waves into the surrounding sir Is 

assumed to be significsnt enough [32] to suggest, for some applications, 

the need for encepsulation of the device. 

The most efficient material to date tfhich has been utilised for the 

excitation and propagation of elestic surface waves is lithium nlobate 

(LlNbO.). It is a ferroelectric crystal of class 3m and like meny other 

ferroelectrics has a very high piesoelectric stress constant (more than an 

order of magnitude greater than tli^i of quarts [lib], [24S]). The attenue- 

tion of elastic waves in LiMbO. is considerably lower than in qusrts; for 

frequencies in the range of 1 to 9 CHs the losses in sheer waves were found 

to be proportional to the square of the frequency and samtwhet higher than 

for longitudinal waves (at 1 CBt they were less than 1 db/u sec for «hear 

and less than 0.3 db/u sec for the longitudinal waves [200], [92]). for 

surface waves at 1 6Hst the attenuation was found to be 1.63 db/Lt tec for 

the propagation along the s-sxis on s Y-cut crystal [193], and to have a 

strong temperature dependence [44]• 

The thermal expsnsion of lithium nlobate is of the same order of 

magnitude, though slightly higher, than quarts [124]. (tn terms of thermal 

expanaion, the best substrate material is nonpiesoelectric fueed quarts.) 
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Am •«t«i:««t   •^••(rai*  ••«•fflAt  «•   f«f   ••  •llMtaMlll«B •!   HtgH   tf fwitt—   I« 

I« Mfftitr« ClW). 

9i4mlf mtm* ■»carUli« im •l<r**<«w«f tc ••*%€— «r« ito« —i«»X»tt t«n 

»I   CffftlAlt     •<•»»• MtftlM«.   <**il«l Mt«*l4*.   ««i  «I«*  «OlAl.     TIM 

K«f*MilMi •! «last I« iwrfAc« —»— 4* tfe« IMM«I pl<w» «f •-«» cryvtct» 

••r« t«v««cl««t«4 *» t—** «ai litli«    Itf |.    IWf tlai IIMM  t« »*• MM •* 

CM Mi ii»«.  MtcH fSAIttl  MtMtMl«  IM »tMMtWirlc  CMfll«tc  Ik* 

•«•rl«c« wii«« «t« «latUf tm IMM «I» «laai I* itMMMMlf iMtMpU fM»* 

fU«Ml««{ru) Mila [Jfj.   in Mw «I:-«M ^Mi, tm taO, «hlM iM M»- 

• tMrMty kl^wr tlMMtactrt« <*«^l» «, Uw MVIAM wmm •»• «f UM 

•MMaltMi My Ulf» cyf* in»;      IM. Ur rM»tC« •! »flMlitM #1 «M- 

•MllMi MvUlj» «MM «NT«  M««lMi   tm   tM   iMtMlMltt«    iMi'CllaMI« 

■ IfMMl«   C«f •*»  Mi«*   «• tkt itMCl «M MM»!   !•  tM MrteM  ttt$). 

UM prMrailat UMMJIM at ttw itipnulM at a man I« MMI 

M MalftlMt aalMlaM Ml«» «Ma a* alaai a? IM apfllaMlM aff 

«alM ptatlaM la alaacl.- MMa la •• lia     »«t MIIM IM alMtMMfMMlc 

•IcraMMa. IM twiMi Manatl« —| Ma M ir«atai Ihr MiMii af Mfaifc 

aaalyala.    %*** tacMtlfvaa «ar« ff»c««M I? pMfaaai aai affaar la ka fwlta 

aflMiiM la MtUlai IM pMpartiM <»f alMtu M«M la MttM (til}. 

WMMMi «M Mlcvlatai MtMa af —tw MM MIMHIM a« 

f«l iMvUiart Mi aaal«aai«etaM la tiMa la a aMrt pafat 'HO^ Mi«a 

aMaarlaM ika raawlta Mfartai a» a »MMt af 

1^. 



»l«M»l*«lrl<| twfcairai»« N«»« **»« #wtit«»l» IMP • •4*«i4»#»»'i» i fcw •••«. 

'»«    4.  'litI-    Tk**  IttMMi VIAMII «•• i» •*Mt««it«>M« <•» »wi  iwif«tt«# 

IMII^S mi mh I* • iMitwi tmm I« IK« «IMI«« «f •.««•it. 4»l«» I IM« 

I«   |iM>   t«ll#t   C'«M.   til«  '«MB«!    w«Mf«»   «»«iMlrt«   »I    «•«#»•! I «Ml  IWI»   |)MM 

««tllttat tiw ««a«!!!« •irwdi.t* «M! in» *#*#•      ?%• f«rwi« r««w|i« I» • 

■Mr« «ffl«l4NN kwt MPWiMt *••♦••  Cf*«*l«#4 II« ••«:fii«ri.«l    #»#ita« f« 

I«« »«Nitr«!«  I« fcl»»») ««ill« thm  i«ti«r  «•«.   I« prlmlfl«, k« »«Hi «ItM 

»•«••i«M »(«««It.    ftm *m**t4t* mt ihm ««««• «f nil    f «•#*«•• rtUwrllf 

M  IIM  tMfcti^  «f   IM «ffl«l«|  C«««r*MlaMt   «W   «MM   »l««Ml*cirlc   <r««l«l 

rUl»       TM M*  »t •  ««M  ir«M««c«»   !• <Mj«Cll«i «Ilk M 1-cM   «MTlt 

PlM« «M ••Ml«r»M I« gMMfM«  •«»I«'» «•««« «I   10 MM. «M<ii (atr»tf«MM 

to cM M'loi •!  CM MM tirwclM«. «M «t  tM M€«M «M tiilM Mr«MMil«0 

(to «M fO Mia} (1).   Mi IIMM"^«< 4«cr««M («f «MMI IMll «l IM ««*?(««•• 

M»« lM«Mllf «M M«ir»M «11^ IM tMwri IM of («apeftiwr«.    fliU <••♦••« 

1« MirlMcM !• IM MlltfiflCAtlM «f (Ml«!««« «t   IM ««MMIt Ml MM  IM 

M«t «M IM 0«Mlr«l« ((MM «««rif) rMw tu« IM •#*»»«#'*.,• I  .«»wfM«« 

tM «b«M l*(MI««M   |«««l««  IM um «I  <«RM»MiaMl  of 

tr««Mv<«rt.    A MtllM »f «tr««l  lr«M««»ctl4Mi #( •««tf»*» «««•«    «iHt»« 

«irwctMM «klcli •»• c«M«ilkl« •••H cwtMM M«rMlrf«li fMrteattM» 

t«clifil«Ma «M .iM M «Ml IM («r hltß» (r««Mt«><* «ICMI« !•].     tl ««Ml«l« 

•( • «t«CMt«€trlc  lt«i  14^ «Mil  II« Mill« Mil« <««iM «Uli « «M«Illc 

• UftroM «M  n« IM *'  '»"• '*•».   il««! «Mtl» IM «Ml««« »•»•   1« I« M 

»f"l»M«iM. M «»f«» mt p«t«ll«l ««l«l »irlM MfMllM «I   l«l«rMl« ««Ml 

i« CM M*«l«Mt*» •( IM «««MCI« ««tl««« ««««.  fig.  Im. 
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(c) 

flf. 4 - totlv NttK««« «f U Hail« •! •*!•«• *c»««U 
M*«M (Mt.  fW) 

fk)   9Mfft fl«f« * flMil« iwiiji 

CO    QMTtt flM« »   • (MfttlM Htmtwtm 



(0) 

(I) 

fit    $ • Mr*ci mnt** •( t«cli«ciaM «f twrU«« AMMtii 

tl. 



* «UMUr. Iwl Mt« vtlUtMM.  MI*«* «f 44r«<t  ••4if«ii«B •! «UatU 

Mtrf««« «■•««• «• ri««««l*<trlc M**trM«« «MM Atalaatf »» «tllltlnt •• 

tal«r4lill«l«l «trwt«*«« »I ««fwilt«« «Uctt*««« '.lM't, 91%.  Hi.     to Ul* 

If —4wff   llM  "•'••   •«»   M   •»•   MpMrM«4 H  «M iMtf  «f   IM  •<*-•! I« 

«•«•U««IK. «tit Ik» «IKOTMC« MtiM C«MMWI«4 •l««(rtc«lly u i«r«ltol. 

Ihm mvt  •MCcUM («attcwrailMi I« «*I«IM4 «M* IIM «tofh •! !«• »UKir«««« 

l« mqml tm nttm tpüfiag mtm— !•»•» JO).    r»f •MI ••itrul« clw tartoc«« 

«•«• ««iixtty It la IM I«NM •! t •• * ■ 10   ca/Mc.. «blcli M • 

■l  100 MM. ft««« ««•«•tongiH« »I «fcowi O.t '• I »lit (I «ll • 0 001  ladb). 

HW f9—l**tm nqmt*** la iiw f«kf I.«II«* «f «lociroOM »lia «MiM «ai 

••parciiMi »fiMil I« « ftactIM of • •*! M—I *• «%t«lMA »' .«■*—«laaal 

«atlMit «f «•««■> Oü^MWlila« «I ••«•'.•. M^ r«f«*lff«« «»*• ■**•• »f fHot*- 

raatot ««CIHII^IW« c«rr««iW mflmp* \m »Ictoc^rciitl «••it*     r*f •mtUtm- 

m*m *•*if* tptrcitaf to ckt rMft of 1 Git Mi kloMr. IM r«t«lrM 

r«*oUii«i C«MMI M MctlaM bf MiMttof CM fMtaMtlt« p«ti«r« it «ItltU. 

•*€* tt •!••■. tr «ttrt-vtotot IliHi.    Tt tMtto c«M»c«ltt  ItoM tMtrtl 

M—i tatttrtot «rl4t. tM crtaotfM«rt Mwt Mta faMlctcai t? f»M*ao 

IM tMcarvtlti «« ta altctra* MM It tctaaM ttocttta »ItrattaM US]> 

^ItHMgb »i i  ItM tfflcttM Mc •till «alto attMtlM t* tM «at at ta 

iMtf^ltlitl MtrfMO-airat tftttMttr «i aM latafrtt •alitpttt af IM 

ial fr »% 'tit), tltl). 

A ctafMMMlM aaaUitcal iraaiiNmi af IM aacliailM af aarfMa 

aa f«arti Mt Mat fprntt* w «•%*!• tM Tlartiaa   »1       to CMIr 

•tlMt IM tftact« af tM wtMtot» ttt ttttlttit <«»fif%;«il«a tM tM 

tlacirlctl itttiliiailaa ara »afaraiM iaia iMta itoilact ptraaataft.    IM«. 

iMy ara Mia la tMv IMI IM tffa«i I »tMtt af iM tliartiffMat tr 

iMartigii«! array, ft«* to, tt Mta )Ma aa arMt af aafaliMa traaiar iMr 
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tm IN. »tafUfteM •»»•• «ten « t^.tiA« •!•«»•«•. r»«    v«     Haiti« i*m 

MM •!  t««r4l«ll«l«4 »Imttt**»  ■iruwiwr««.  tka «pc UM» «Mtb »f  <IM 

• U.ir««««  la • •iMtt«>fiiM« «rvay U >••• IH*« mm t—t* oi tmtr Mfarsi la* 

«Al«* I« a^aal ta cha awrfaaa acaaailc «aaalaaftii at ena raaaaaat  trafaaacy 

of ti»a it«aa4wcar.   A 100 tm» Oalay liaa «a fX fa«vtt atlllatat • P*t* ol 

lacarOlcital traaa^wcaf* «•• 0aat«««4 «a« «aaaa ta h*vm am laaartlaa I«M 

at  lOt»,  -M» >aa«wUfh af M ttu, mm» a «awriawa acfca rajactlaa af M* 

ta aMltiaa ta ttia tfcaraagu aaalvtical traataaac at Mrfa«a-«a«a 

ascltatlaa la faarti by Cafala aai Tiattta« r»lJ, • awafttr af pafatt traat 

tita yraita* af traaaiacttaa af awrfa«« aa«aa fry aaaaa et mtaHUttal 

atactfaia ttractwraa itH], (llO)« ttM).    Aa aaact traataaat af tM aaclt«- 

tlas la flataalactrlc eryatal« rafalf«« a aalatlM «hi«* aat tafia« tka 

plaaaatactrlc ralailaaa aa §lvm ta r««    S aaO A.    Ivaa far Mtarlala vttti 

ala^la cryatal ayaaacrv a«cti traataaat «aa W praklklttvaly caaftaa.    fhm 

aatiMOa aOaycaO »* Oa^ala aai Tlarata« '•>''. aai iaahl aa4 tAtta [IJO] ara 

ta aaparata ilka atactrlc aai alaattc «alwiloüa ir? «aa«»!«« «aak flara* 

alactrlc <aHaliai. tO»l«li U aalt )«atiflai if tlw caaa of aatarlala ait»" 

taa cawfttai caaftlclatM aaeli aa faartt aai «aialaa aalflilia.    Cafala aa« 

flatataa fttj] flrtt »«Iwa far tüa panicta ilaflacaaaat >» aa«tacttai «•"• 

plaaaalactrlc caaftf^. aai tkaa «aa it ta aalva a farcai atactraatarlc 

prahlaa «klta Jaahi aai OMta itlO| (Kacaai la tüa raaaraa.    V* lattar 

ctala tiiai tkalr tadMlfva taaOa aar« raaitlt :a aa a^lvataat clrcalt far 

tha traaaiwear aai tlaaai>fam aa|wa«*taaa far tN* frafaaact ratyaati rf tlia 

traaaiwrat.    traat iiH] traac« ts# r aOlaa tj aaawlni aa Uaatlaai 

atactrlc fUli ilatrtkatlaa at tha a^rfaca «tbarala isa ta^aatlal f«ali la 

tha atactraia« aai tara at tlia ataetraia« aai tha aaraal 



II«U u •!•• rmmttm *** la ift« npfMii» MM«, t.«.. cmmtam •• tM 

tlMT«  llH» MMSIIt   MM  MflttwlM   «I   »'•   M^tM«   «Mt 1*1   MfWMtc«   »t 

CM fwMl«MM«t trM««n«f Mtl«i «f« frM^tioMt t« !•»• carrMM^tot 

roMti»« «dMwMM« «i IM «tMirl« IteM «latttMctM. IIM Ultw mm %• 

MCi 2« «ItHiy llMI   fMfMBCt   f p — t   •!  Ik«  lff«W*MM   t'*). 

?%• M* •! ttlU mmiSo* Mi «H«  «pffMUMCtM t« llw »MM •!   »»»• 

•iMtrU   fl«U  «M*«*«   full«  M«t«l   U M«lytUt  MftM«  IfMiwCf.      PM 

•MMtt«.   llM   fM^MMf   If—I   •!   •   t*t*9«"««<   tfum4»ft   lot   •  iMTMi« 

kMi «•!*»   llM MM k« «»l«l«M *»  iMtM  «•»•  tMf Ut   ItMtfoM «t   dM 

•MM WMIM»4 «ffrMlMttM !• IM •UNetftc  11*14 itMrttwttM Mi la 

■»MI t« «grM f»ii« Mil •Hi» «apMliMMat r«««li« '»%•! 

TK»  MMMtMlMlC«  •!  M   iMMit^tt«!   Ml f*ll< MM   IfMgilCir  IMM 

hM« •i«Mii«4 k? tolifc «t «I [Mi], tlO)]( Ml«t •■ •<«    IIMM clrMlc aai«!. 

TlMT MlIlM • tkM* MVt  •UttflliMlMl  «fulMtMC  ct?MlC   tm • fU«*- 

•iMtrU «TMC«!  *♦ NMM Ctlll,   (tt).   C«  rtflHIM  «W pttUil«  M«tlM «f 

IM iMMilflt«! tr»■»■IM Mi «Mala • ■■■ ilawUMai Miat at thm 

Mtir« atfMtMa.    «at Mltia Taaat *JI»]. tatiii iaMlaya «*• NMM af«lM> 

taat «UMII »• Mlat «ka -|««IIM" at taataatlal aai "craaaai-flali" ar 

MMal alactrl« fuU ■p»iwlMttaM.   Thla «IrMlt a»prMtli ta IM aMlyal« 

at aMfaM-MM traMiatara Ma iliwrn ay «alta aai atkM I—<— at UM 

a. a. MMM UiaratartM at iMtati IPalMralty ta §«•• aattafaat«nr atrM« 

MM vim aapMUMtal MMlta C>M]. («0]. 

MilU tiw MalytlMt ttaatMiai •! cM aMfaM MM traaaiMM M^niMa 

taa •■■ MfilM »f wmk ftMaalMtrU c Mat lag < tha «aat affftclaM aai thM 

Mafvl ctMaiMMa ara CIMM MllUla« plaaMlMtrlt Mtartalt vttk MTT 

attfi cMatlM iMii M tlUlM «laaat« rUflaOj). aUc aalia (I«0) aai kwlM 



MrfUB »fottt« (••;l««bs01. ) ttU]. A v«r «ffsctiv« and r«Utiv*ly •inple 

«•ihod oi tf«t*niliilng th« •laccroatchanlcal coupllo« in auch aateriaU waa 

4*y\<**i hf CMftiaU and Jonaa [40]. «ho ■howad that tha afficiancy of 

coMfiltait can b« talatad to a chaima In valoctty of a piatoalactric surface 

wa«a wtach occura «6ao an tdaal, tnftnital) thf^i conductor la placad on the 

aurfaca aupportlng tha aurfaca «ava propaRatl^n. These two conditions of 

the fraa surfaca. I.e., with and wltbout a conducting boundary can ba 

irested quite easilv and Csapbell and Jonas proceeded to evaluate tha 

optlswsi crystal cuts and direction of propagation of aurfaca waves in tna 

case of lithlusi ntobate. The conclusions of tha analytical treatment by 

Caopfcall and Jonaa. which indicate Chat tha optiswsi perfomance la obtained 

for a Y-cut crystal of LiNbO. with the aurface-wave propagating in tha Z- 

dlrectton, have been verified ecparüsantally by Collins, Gerard and Shaw 

[54] who constructed a 100 Mia delay line with -3db bandwidth of 24 MHs and 

an inaertion loaa of 11.Mb. More recent studies suggaat a soswwhat diffe- 

rent cut for opt laus parforaanca [197]. 

Surface acouatlc waves can also be generated by conversion frosi bulk 

waves. Aa Mentioned earlier, this technique waa utilised in the wedge 

tranaducer. Pig. 4 [238]. The nein diaadvantagea of this technique are the 

need for a naterial with a velocity of propagation of the bulk wave to be 

less than tha aurfaca wave velocity in the substrate over which the surface 

eleatlc wave is propagated. This restriction results in a aavete limitation 

of available naterial.i aoat of which exhibit high loaaea due to the attenua- 

tion of the bulk waves. Alao, tha need for a proper mechanical coupling of 

tha wedge to tha substrata which is beat acconpliahad through a thin iilm 

of a liquid nakes this method of surface wave generation cumbersome and is 

prohibitively conplicated In nlcrostractures. Two methods of generation of 
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surface elastic waves by conversion from bulk acoustic waves have been pro- 

posed which do not require the use of a separate wedge. One of these 

utilises a corrugated surface capable of converting bulk longitudinal and 

shear waves Into surface waves and vice versa [105]. The use of asymnetrical 

teeth in the corrugations results in a directional transducer diminishing 

the usual loss of 3db encountered in nearly all conventional surface-wave 

transducers. This method of surface-wave excitation can be applied in 

materials which are not piezoelectric. Another method of excitation of 

Rayleigh waves has been proposed which utilises the scattering of bulk waves 

from metallic strips deposited on the surface of a piesoelectric crystal [25]. 

All of the above methods of excitation of surface elastic waves can be 

applied to the detection of such waves as well. The reciprocal theory in 

elasticity ([149] page 173), has been used to show the reciprocity for a 

piesoelectric transducer [63]. 

A method of excitation of surface elastic waves which cannot be used 

readily for detection, utilizes transient heating of a very thin film of 

aluminum [143]. The rapid heating of the surfsce obtained by meant of a 

laser beam, produces temperature gradients and thermal expansion which, due 

to the generated stresses in the solid, produces elastic waves. This method 

of generation has the advantage of being applicable to nonpiezoelectric 

solid as well. 

Still another method of excitation is by means of the magneto-strictive 

effect. Surface elastic waves were generated on an yttrium iron garnet 

plate in a static magnetic field by passing an rf current through an evap- 

orated aluminum meander line to produce a spatially periodic rf magnetic 

field at the surface of the crystal [241]. 

A mechanically movable transducer can be obtained by fabricating an 
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interdigital transducer on a nonpiezoelectric substrate and placing it next 

to a piezoelectric crystal [248]. The electric field produced by the inter- 

digital array extends far enough into the piezoelectric material to provide 

sufficient piezoelectric coupling. When compared with a transducer fabri- 

cated directly on the piezoelectric substrate, the movable structure on YZ 

lithium nlobate was found to have an additional Insertion loss of 14db or 

less [158].  (YZ lithium nlobate designates a Y-cut crystal with the elastic 

wave propagating In the direction of the z-axis of the crystal). 

In order to generate elastic surface waves on a nonpiezoelectric 

structure a modification of the Interdigital array called the "hybrid" 

transducer has been developed [233]. It consists of a small piece of single 

crystal piezoelectric material placed on top of the nonpiezoelectric sub- 

strate with the electrode array deposited on either one. The mechanical 

coupling between the two surfaces Is provided by a varied selection of 

liquids or solids such as ethyl alcohol and phenyl benzoate, respectively. 

A number of transductlon techniques have been investigated which can 

be utilized to only detect the elastic surface wave. It consists of a 

narrow conductor deposited on the wave-carrying substrate with a steady 

magnetic field applied perpendicular to both the substrate and the conduct- 

ing strip. The latter moves with the mechanical wave and causes an elec- 

tromotive force in the conductor [190]. This method of surface-wave 

detection is applicable to any nonpiezoelectric substrate. Although the 

device is very simple to fabricate and can be conveniently applied in the 

design of multiple-tap delay lines, it major disadvantages are the need for 

a magnetic field and poor sensitivity which is at least two orders of 

magnitude smaller than a corresponding single-pair transducer on a piezo- 

electric substrate. 
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The electric fields associated with a propagating elastic wave on the 

surface of a piezoelectric have been used to control the electron enlsslon 

froa a photoemlsslve surface placed on a piezoelectric substrate.    This 

■ethod permits the visualisation of the elastic surface strains as «all ss 

a detection sc'ieme for elastic surface vaves [26]. 

A scheue of detection of elastic surface «avaa which also provides for 

the feature of an eleccruulcally variable delay line la contained In the 

electron beam sensing of surface waves [80].    The method is bssed on the 

modulation of secondary emission of electrons from a piesoelectric sub- 

strate by the electric field and charge distribution arising from the strain 

wave.    In addition, due to nonlinearIt las inherent in the secondsry 

emission process, the detected signal has the form of the envelope of the 

propagated r-f signal. 

The detection and visualisation of elast ic surface waves has been 

obtained by using the scattering of light from the surface perturbationa 

[128], [4].    Since the surface acoustic wav* is confined to s narrow region 

near the surface, the Raman-Nath type of scattering has been effectively 

utilized to observe and measure elastic surface waves [114], [130].    These 

techniques follow the field of extensive use of light interaction with 

volume elastic waves.    An excellent discussion on this subject is given by 

R. Adler in a review article in the IEEE Spe< trum of May 1967. 
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VI.    Amplification of EU«ttc SurUc» Mavt 

In piezoelectric crystal« the propegeting eUetlc tave produces « 

longitudinel electrostatic  field.     If the piecoelectric solid is slso 

conducting,  the intersction of these properties can affect  the velocity 

and attenuation of the acoustic wave.    A linear theory of elastic wave 

propagation in piecoelectric sesiiconductors has been first proposed by 

Hutson and White [108],  which considers the effects of drift, diffusion and 

trapping of mobile charge carriers as they interact with the longitudiasl 

electric  field produced by the acoustic wave.    The attenuation of acoustic 

waves has also been obtained by applying an external drift   field in the 

direction of wave propagation.    For electric fields which cause the carriers 

t> drift  faster than the sound velocity,  the sttentuation becomes negative 

or the acoustic wave can be amplified [107], [249].    The material most 

widely used is the plezoelecti ic semiconductor CdS.    An excellent review of 

acoustic wave amplification in piezoelectric semiconductors  Is given by 

McPee, one of the original contributors in the study of this phenomenon [161] 

The amplification of surface elastic waves in single crystal CdS was 

first reported by White and Voltmer  in 1966 [2S3], [251}.    To reduce losses 

due to the heating of the crystal the electric field was applied in the 

form of pulses and the conductivity was limited to the surfsce layer only 

using doping or illumination.    A method of surface-wave amplification which 

separates the need for semiconducting and piezoelectric characteristics of 

the crystal has been first proposed by Culyaev and Pustovoit [95].    In this 

scheme a semiconductor thin plate is placed on a piezoelectric crystal. 

The electric field associated with the elastic wave through the piesoelectric 

effect penetrates the semiconductor and provides the mechanism of inter- 

action of the acoustic wave with the drifting carriers in the semiconductor. 
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ttm ami pimi—lttti* ma •■^rtaMMally v*rlfl«4 vii» ••!«?• p—!■ 

•a • fZT €»rm%€    : «• Mi «u» M >•(>*• «IIUM «n 11 »UM«» ■U**I« ' M>' 

la CM UCIM. • *•«   t«r«t«*t til« • f   '4* mm» r«fMt«i.    la 4rMf I« 

CM 4rlft   MMff   I*  CM  MSlCMiMtM.   •  Cilia  flkl ol   »-trf   •ttl.o* 

•flCaaUlly M amp^irm «•• tkmm r«M*i« «I «cilttlat CM •ICMI* ••< r» ■ 

•KtiM •»•» •taccrocilc gala M t» a tragMty af I Ma (lit) A «lacMalaa 

oa !•»• aarici af a •ftrnta Mtflaa a^llflM CfM) »icli a Mort aMlyata 

ara «tv*« la a Mpar ** Lakla aai f^aa t H^l* 



fit.    Omlämä fc«f— f**- 

tmttm «CMaiic —i c«a to t«lto4 «IM« prmmr%hm4 f^clM      *•«* 

■i>«t«t<— «• ■■■Im n (• »t—CTim■§■!!>€ t«.!«*« «Mtf is «icrMM«« tat*« 

ft*l»i circvit»      low««?. «IM»  Ik* ««iMlCir o< ■f^pHtl of MMSCtc 

U   M «Mil  «MlUff   (10     CUM«)   IfcMI  •'-   «UcCtoMMMllC   ««•««   «(   tlM 

Mat tt^mmtr, «k« «latcslMM •! ««rf«c« «CMMIU gtiiAM ^MMM caa»«ff«frt« 

wu« yf«««i «UcirMlc «icttfclrcwit«.    T>- |«i4i« «f «CMMIIC M«I«C« 

—i   U «Ml  «IfMllwly  »tflmmd hf «tllUtflt  «*»•  (lUM  fit*). (***)• 

iw lyyM «I r*i4«« MW» ►••• M»«4 «tuen «f» IUMWI •• tlM «if »r mi IM 

•Uc t»t4»«.    UM »irI» ••14« CMMUC« «f • tlit« III« of «M«tt«i with m 

«««MMCU   •WfffM«  «M««  «• toe I If  «Aldi   I«   I-MM   ÜM« UMM   «I   ClM   ■<**tr«l» 

•«i Ik«  flU U MU le Ufttf llM •«*«tr«fc      A« • f»»»lt  of Mit«  l<M4l«t. 

«• i«finit« wi»r of ««rf«<« «MM I« ro»«UI« «11 «f «Auk «r« 4l«fM«lw. 

«rtlk «•IMICIM «iilcfc «r«  I««« llM" 11M MfUtcli mlocltf of UM ««Mir«!* 

Thmtmtof.   |««t M tlM c*«*oollo<Ml   ««yUigh «MM I« coof tM4 to UM ««rfac« 

of • ««Mt-iofl«U« ««It« boc«<Mo tt» Mloclty i«  iMwr UM» UMI of UM tollt 

•e 4oo* UM •««f«co «•«• r«M»i« co<tf iMi •Mily lo UM «r«« «f UM 

illo4    Cfcl« ftl».    Ito «lot ta*4«, an fto oUMf IMMI.  ut ill««« Mi«rt«lt 

«bull «ciffM ito Mtoirai«;    UMM. I thin ttim of «wck Mtort«! U iepMttoi 

•«•riMtor« tot «tor* II t« to«tr«4 lo h&*m cto •iir(«c« ««»«MIU ••*• co«fi«o4 

Ito ««locity of tto ««rf«c« «••«• §»14*4 to • «lot  1« «o—fiMlly «lifHitr 

btftor ito« UM toyUtfli ««locttf of UM »«toirac«.    Ito «oot itora«# 

«Mly«l« to tot* «• «UMttc ««rf«c« «**«>• gutto« to ^tR    ft to« I« ctoc by 

Ti«r«t«a [tit].    I« to« Mto» Tt«r«c«« 4ttc«M««« «crif gutto« forato to 

toM ftlM o« fwM4 1111«« Mi «lot g«tto« Mto of «iMilna« Him on 1-40 

gl««« «atocr«!««.    Tttrtivn'«  ctoor«tlc«I tr*«c«MoC  locludo» «olwiloM of 
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U»»  «Mi   'mg.mm «MI«*  «Aitli «at«!   t« «*»•  tiUm •lr«(f«r«a. Mi «I«» «f  tiM 

c««#lim »f M»rty Iwn*»«« «ijMMii ««rfac« «•«•■«14M     A m—i«n 4i»r#f»«« 

«Mlytic«! f»rBitc> •• wll M •■paria»«tal r«««ai« «f »(rip c«i««« MMUII^I 

1 §«14 (llat «• f«*«4 4«MI* «vr« r«f>9rc«4 %f MktM Mi in^M  ft]. 

4» »«fu M If».'. AM «M MMTSM (t] peuiafi »trmtm— foe UM 

•«lit«t   •'  tmm»tlt  «uffAc« ••««• «fei«* CMMUC of «IClwr iMf •*»«•   »• 

(to ««Mir«!« t« itflM • <«*ltw4 M<* 'of (*• *•«* ^«M«««»*« •» ^T 

l«r»t*t • p««)9*tio * tm ib« •i«l«c« »f UM •«**cr«i«     Iwwwr. »«cfc futi»« 

*ff««r  lo »wllwr  I» « c«Mii«rAI«  U>fc^« ol —Ml —^  *•«• «*• Mb* 

• cr«c. [!•]. U CMtr M»*' («J AM «M l%»rtM •^•••t 0*t « «Mi-MAfoM 

crM*>MCtl«t of tbr pract««!«« of MfMlMi 111» «MM tMi lo CM iroM* 

»tciM «t • t«tioi »«rfoe« «•«• MIA AM» MC t«M tato CM MMcrot«.    I« 

• «MI  r«c«M MM^. MC l(Kl«iai I« iM »ibilogfaplly. *M BMM    iooctIM« 

• •tttp gwlM forMi t? CM MfMlCIo« «C • MM« flto of gr< 

OtlNt iMMtrlMl M*««« »•• *••» •!»« iMctIM« fatilat •' •MMtl« 

fM« MM« ky • MrtM el 1MM« «AIM MB M MMlMi by tikim Htm 4mpmUim 

«t bf 4vpg*—iom fotMi 1« CM MrfoM ol UM MMIMC« 

IHM*'*!«* CMTMCO?Ucieo ol CM «MMCJl« MrfM« Mfgolit* IHN« two« 

mmtmti *f KM«, «M «M IMMI Mi «MM da»] «c CM irr IMMWI IMCUOC« 

Mi lo«Mi Co M im teoi tu Mil vfc«! CM CMorocicol pMilcCloM of florttM. 

«oMvor.  CMr floi CMC lor CUMM §ui4*9 cMr« I« M MilcloMl Mi« Mick 

rtapißf with m MlMlcy lil«Mr CM« CM I «JMMI«! pti4»4 

T. ««a thtfr,  "Lonoof «nd CrMM ft LM for feCtMla| Mi Oulilas AcoMClc 
Surfac« MM«". froMMlMi ol CM mt. «ol. M. M. 8. M    123&-12S?. 
AI«MC   1970. 

92. 



IM«* coacldiatf ihmt tkt» Ulfßmr ««lacicy • ^c wm •"u-Uy Cv«««ll«t «l«*« 

C«lUfT~ «D4»      ll  tttomU h« tti»t«4 IM« <**« «•»• t««{4t*t »«fucta»««  *f« 

tmmd, ••»«!• «MMlty |iii««i«4 !• «IM 4r«it« of «tcrow«v«  iiit«fr«t#4 

UM «««^tiag b«(««««< Mlj«c«tii n#«v*g,u.ä4«« Mt   I»»*« u(iit(*4 la UM 

^••iif» «f tfirwccitNMl coapUrt {!]. Mi of tftractioMl Matf-rajMi ftltori 

«•»•i ttrlf |wi4» ri«t r«» MMiot« ClMj. 
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fill.     At   *»U«    >^l#<*-lt*rr   ftlttf 

IW *l IM I *«•■»•« af  ik» l«t«r4igii«t tr««»4«««r   i» 4««» ptiatfliy t« 

Ik» i**i  IIMU . i* 4 fiwa ttmfmmtf iMt«* »"^ (r«a*4««cii4i« »I •!•«(?«'• 

«««»««IIIC   Vflvrfir   I« >«(ll  «t««Mtal   11 *Ä»4«#i - f .   COAtlJtllOg  df   <••*   *•*'    -lf 

rl<>ir.-4«». «M cdkrvailt.    A» »«KII. (IM (tl«r4l^||l«l ir«Mi44ic«r «ct* *» 

4   fe»4in>t^«**    lltl«( V    llMllC4(«4l   »  »tiler    .«   IM   4|M:U*»I«MI   «Ml   «»Clt4l|UA 

4imi <i»C«NiliMl al   4«*»«»iU  »«ttitic«» «HI»«»,   tkp   tiMtfMlfll«!   ir«li*d«ic«r ««• 

W 4#«igt»r4 wtiii **»fin$ ^«rtoJt   tty in tlM »Uclru4» array. 

rh.   »irwciMT»    <  (IM  i<ii«r4i«uat ««irfaM MHW traaMlwcar MM (iaa4 fry 

(«•c •((hc(* at UM >«aitli tarfi«» €t»r|N»railatt lo toalfn a baa^a«* ft Kar t- 

b« uaa4 la a talavUtoa If mjHtlmt.     IVry tiaw •town ikat a» acaMMUcally 

«•MfMiiikU filter eaa ba fakrtcaia^ ky waiaf a PIT •wMfrat«, »««!, by 

pt  vt  4r.tgn of ««eh ft liar *adi l»y eaacadliif ihr«« »well ft liar*, a» mm- 

rllflar wbicli fulfills ».-.t  &I thm «iwciftc<«ttoaa (or a colar tala«iaiaa 

f kamtpaaa caa b» cbtaiaa«!  (Uj 

In addition 10 1 variation in tfca pwrtodictty of an latardtfital trana- 

«I .err   it  la paaalbla to control tba «M^liiwda raayoaaa of an acouatlc »«faca- 

fci*» davlra by varyl ig tb» Ungtb ti lb» «»lalllc alactradaa.    It MM latftcacad 

»4rli»r tbat tb« »oyiiiwd»  .• fra^u»ncy r»»p(»nM of an intardlfltal traaadwear 

can b» r»la(»d dirMtly t.> tb» fuld dittrlbutton at tba cranadMcar [7f]t 

'I5dj.    Ikua, by uatnf apyro^rlat» viriatlon of tba »iMtrod»  Unttbt, band- 

pi«« cbaract»ri»tic» of a »urfacc-iMv« d»l4y UM wr» •yntbnslMd [102]; 

• •••• Mint «•> lnt»rdlgital traMducrr vitb »iMtrod» Ungtba varyla( M 

a n i/a( a Marly untfora «Bplltuda M fr»qu»My r»apona» MM obtataad    10)  . 

In addition to variation of pariodlcity and langth of alMtroda», the 

Inlardigital aurfac«-wavr tranaducar can b» nodulatad by pbaaa coding 



of «tfjocoBt •l9*tro4» fMilr*.    A •«<««••«•«• (tlt«r vuh •artm» carr«Uct<eMi 

(wKtlMi »mi ttith wilforalr mm$.l «l^alokM MM *•. itt»4  a*in«  th« i«rk«r 

coAi [tS4j.    To focllitolo tko foloritir lovorsl«»« of O4JOC«BI oloeirod« 

("it».  • ■o4lfl«4 •irwctwr« of  th*   lntor4i<tl«l lroA»4wc«r  HA» boon 4ov«i«rfod 

bf ttiic««ko«oo i2S)] «Aldi uCtllMo on «44itt<Muit »locirodo. 

If Iho  moot  «ntf ovc^wt   tnlordlgitol (roiwdlocort wf vorytnf forledlclly 

•ro r«0rtc«to4 «>o tho tuMtroio tn »ucli • %***  thot  th*  intoroloctrodo «focii^t 

«•ry to UM    p^ootto soooo.  (boo (ho «oraolly Qoa4ioporaivo dovlco bocaoo» • 

tfl«por«t«o 4oloy Hoc.    DU|wr*l«o 4oloy I too« coo b* u»ed for p«U» coo- 

^roaoteo ooi OOH*"**0« ** Otitp rodor»      TV* offoccivonooo of o pol«o COM* 

proonlo« flltor, o« oooaurod by tbo «Mfrotoloo rotlo, dopondo on tho ttao 

tfotay Otti tbo bondbHdtb of cbo dovtco.    Th.   flostbtlltjr in cbo dottgo of * 

dUfortlvo »urfoco-^avo tfovtco ■ok»«  it« «npltcoUoa to poloo coaproMion 

flltors «ory doolroblo [31], [M], [10ft]. 
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An «h.i   I»JH   of ««rfac« IMV«. «tolch, «Mlofoua to the fciylclgh wave, 

49t*f npotmutflly with depth froa thr curfac«.  U thr Love wave.    The 

Love wave mod* constet* of parttclr Motion which t» In the plane of the 

•urface and perpendicular to the direction of propagation of the wave. 

It  is georretrd only when the tut» irate  is covered with a thin III« of 

another »olid •atartal, the thlckneu of  the flla being considerably 

«Mller than the wavelength of  the Love wave.    Love waves, unlike the 

Kaylelgh wave, arr always dispersive. 

The escitation of Love waves is accoapliahad by asans of an inter- 

digital tranaducer.    An effective technique of excitation and detection 

of Love waves  is to fabricate the Interdigital electrode structure in the 

Interface between the substrate and the fibs [1S4].    Other techniques 

Include the wedge type tranaducer and bonding of shear tranavcrac trans- 

ducers to the substrate  (137).  [224]. 

Love wave dispersive delay lines ai i> characterised by good linearity 

of the group delay vs frequency and are    therefore, useful In Che deaign of 

pulse coapression filters with high coa^ression ratios 11371. 
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X. Maaneto<l,a«tic Surface Waves 

Hagnetoelattic surface waves are a direct extension of the bulk magneto- 

elasrlc wave phenomena [81], [163]. The magnetoelastic effect combines the 

properties of acoustic waves and of spin waves. The latter are created by 

oscillations of the angle between adjacent atomic moments in a ferromagnetic 

solid. The spin waves are highly dispersive and their dispersive character- 

istic depends on dc magnetic field. A strain of the crystal lattice can 

affect the magnetic moments resulting in a coupling between acoustic and spin 

waves. This coupling is most effective when the wavelengths and frequencies 

of the two waves are comparable. Devices which utilize magnetoelastic wave 

propagation in solids use non-uniform internal dc magnetic fields. Thus, 

since the acoustic waves are usually nondispersive while the spin waves are 

highly dispersive, the interaction of the two waves takes place over a 

limited region only. Hence, the magnetoelastic devices operate in effect 

as a combination of two distinct modes, where over most of theit path of 

propagation they are either acoustic or spin waves only [198], 

A magnetoelastic delay line is obtained by electromagnetically exciting 

spin waves which in turn couple to an acoustic mode. Since the wavelength 

of Che electromagnetic field at any frequency is usually much greater than 

that of the spin wave its realisation is not obvious. Hie mechanism of the 

spin wave excitation is quite complicated and can be indicated in qualitative 

terms as follows: By a proper choice of the magnetic-field bias the region 

near the end faces of a ferromagnetic rod is made to fall in the range of 

spin wave resonance; i.e., the highly dispersive characteristic of the spin 

wave mode as a function of the dc magnetic bias is adjusted to fall in the 

k ■ 0 range, where k ■ T" i» the wave number. In other words, the dispersive 
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characteristic is adjusted so that the k • 0 point on the frequency vs wave 

nmber plot corresponds to the frequency of the exciting electromagnetic 

field. A magnetos tat ic wave (spin wave of very long wavelength or low 

wave nunber) is thus launched and prcceeds into the rod. If the internal 

magnetic field is made to be non-uniform, decreasing towards the center of 

the rod, the generated spin wave propigates Into lower magnetic fields and 

consequently higher values of wave nunber. This comes about due to the 

fact that the highly nonlinear and sa Idle-shaped dispersion characteristic 

(frequency vs wave nunber) of the spin wave shifts downward with lower 

magnetic field bias. Eventually the wavelength is reached at which, for 

the given frequency of the wave, the spin wave Is converted into an acoustic 

wave which continues to propagate as a nondisperslve circularly polarised 

shear wave. At the other end of the rod the process Is reversed and the 

signal is retrieved In the form of an electromagnetic wave. 

The delay obtained In the spin wave region depends on its extent which 

can be adjusted by the gradient of ths magnetic field. Hence, it is possible 

to design variable delay lines by utilising the magnetoelastic-wave device. 

Also, although the dispersive characteristic of the spin wave is highly non- 

linear, it is possible, by a Judicious choice of the regions of spin wave and 

acoustic wave propagation, to obtain a linear dispersion characteristic over 

a reasonably wide range of frequencies. Hagnetoelastlc bulk wave devices 

have been applied in the design of pulse compression filters. 

It should be noted that the above discussion of the excitation of spin 

waves in structures irtiich utilise magnetic field bias with rising skirts at 

the ends of the rod Is not desirable because of strong defocusing effects on 

the spin wave [198]. It also requires special arraogemsnts to obtain such a 



field configuration. On the other hand, in a ferromagnetic solid in the 

form of a rod In a uniform applied magnetic field, the Internal magnetic 

field is non-uniform with falling skirts towards the ends of the rod. In 

such a structure the excitation of magnetoelastic waves is slightly moie 

compllcateu, with the magnetostatic waves traveling in the direction of 

increasing field. The magnetostatic wave travels toward a turning point at 

which It is reflected aa  a high-k spin wave and travels in the direction of 

decreasing Internal magnetic field and, as before, is coupled into an 

acoustic wave. The acoustic wave is then reflected from the flat ends of 

the rod and can, if desired, propagate to the other end of the rod. An 

excellent discussion on the mechanism of relectlon of the spin wave at the 

turning point Is given based on an analogy to the propagation of electro- 

* 
magnetic waves in dielectric guides with varying dielectric properties. 

Magnetostatic surface waves have been investigated for the past several 

years. First predicted by Eshbach and Damon [81] and observed experimentally 

by Olson et al [163], they have received considerable attention in the past 

two years [34], [208], [219], [260], Recently, the coupling of this wave to 

the Love mode surface wave was Investigated theoretically indicating the 

feasibility of surface magnetoelastic devices [153], [164], [165], [166]. 

* 
B. A. Auld, J. H.  Collins, and D. C. Webb, "Excitation of Magnetoelastic 
Haves In YIG Delay Lines," Journal of Applied Phvslcs. vol. 39, no. 3, 
pp.  1598-1602, 15 February 1968. 
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